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We have addressed the existing ambiguity regarding the effect of process-induced tensile
strain in the underlying GaN layer on AlxGa1−xN/GaN heterostructure properties. The
bandgaps and offsets for AlxGa1−xN on strained GaN are first computed using a cubic in-
terpolation scheme within an empirical tight-binding framework. These are then used to
calculate the polarization charge and two-dimensional electron gas density. Our bandstruc-
ture calculations show that it is not possible to induce any significant change in band offsets
through strain in the GaN layer. The charge-density calculations indicate that such strain
can, however, modulate the polarization charge and thereby enhance the 2DEG density at
the AlGaN/GaN hetero-interface substantially, by as much as 25% for low Al mole fraction.
Keywords: AlGaN/GaN heterostructure, sp3 tight-binding model, two-dimensional electron
gas, surface donor states
I. INTRODUCTION
In the past few decades, GaN-based heterostructure
device technologies have been developed intensively for
high-frequency, high-voltage, and optoelectronic device
applications. Alloying this semiconductor with AlN pro-
duces AlxGa1−xN where x is the Aluminium mole frac-
tion, and the heterostructure between AlGaN and GaN
is the key in realizing High Electron Mobility Transistors
(HEMTs). In these devices, a two-dimensional electron
gas (2DEG) is formed at the hetero-interface due to large
polarization fields coupled with the donor-like surface
states1,2. The growth of these AlGaN/GaN heterostruc-
tures on significantly mismatched substrates has always
been a coveted goal. For instance, GaN on a Si substrate
would be both economical, compared to SiC say,3 and
would open up the possibility of heterogeneous integra-
tion with CMOS electronics. Now, when Si is used as the
substrate, there would be lattice mismatch at the GaN
and Si interface, introducing a substrate-induced tensile
strain in the GaN layer4; similarly, GaN on the popu-
lar sapphire substrate could also have substrate-induced
strain. Conventionally, the GaN layer is thick and the
strain therein has therefore been assumed to be insignif-
icant or localized. However, even a thick GaN layer
may not be free from growth or anneal process-induced
strain. Lee et al.5 reported that in AlGaN/AlN/GaN
heterostructures, the strain in the GaN layer signif-
icantly affects the 2DEG carrier concentration as well as
the electron mobility. Intuitively, same effect should
be present in AlGaN/GaN heterostructures as
well. Recent studies carried out by Kadir et al.6 have
concluded that it is more accurate to assume the Si sub-
strate as the reference material than GaN in order to
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account for the stresses at the GaN-Si interface. Liu et
al.
7, on the other hand, has suggested that referencing Si
does not offer any significant advantage.
Physics-based models have been developed and exten-
sive simulations performed by several groups to predict
the 2DEG density as well as the bare surface barrier
height in different GaN-based heterostructures8–11. In-
deed, the 2DEG density depends on the band-gap, lat-
tice mismatch, and the surface state parameters. Now,
as mentioned above, the GaN substrate has always been
considered relaxed. However, in view of the aforemen-
tioned experimental works, it now becomes imperative
to investigate and clarify how strain in the GaN layer -
due to a mismatched substrate or other process-related
reasons - impacts the 2DEG concentration in the Al-
GaN/GaN heterostructure. It is practical to imagine
that the GaN layer could be strained due to a combina-
tion of mismatched substrate, defects in the heterostruc-
ture, and other residual stresses arising from the growth
and processing steps. Strain in the GaN is therefore an
input parameter in our calculations that represents the
cumulative effect of the these factors. We calculate the
dependence of strain and Al mole fraction on the band
offsets and thereby simulate the 2DEG density. The next
section lays out the bandstructure calculation methodol-
ogy and the resulting bandgap and band offsets. The
following one deals with charge-density simulations that
take these as inputs to obtain the polarization charge and
2DEG density.
II. BANDSTRUCTURE CALCULATION
The starting point for our empirical bandstructure cal-
culation is the nearest-neighbor tight-binding Hamilto-
nian H with a 4-atom (2 anion, 2 cation), sp3 basis for
Wurtzite crystals12. The matrix elements thereof may be
2represented as:
V nb
′
mb (R¯)
∼= 〈m, b, R¯|H |n, b′, R¯〉 (1)
where, m,n ∈ {s, px, py, pz} label the localized orbitals,
b, b′ ∈ {a, c} label the ’anion’ and ’cation’, and R¯ la-
bels the position vector of the central atom in the basal
hexagonal plane of the Wurtzite unit cell. In what fol-
lows, we will simply denote these tight-binding parame-
ters as V (R¯), keeping the basis indices in the subscript
and superscript implicit.
We construct the Hamiltonian matrix following
Kobayashi et al.12, using tight-binding parameters
that they showed to be equivalent to those in the
Slater-Koster approach13. The values of the pa-
rameters for GaN and AlN were obtained from
Coughlan et al.14; these parameters were seen to
provide the best match to the experimental data,
as described below. The parameters V (R¯;x) for
AlxGa1−xN for a couple of x values were first ob-
tained by linearly mixing those for x = 0 and x = 1
as prescribed in Gu¨rel et al15. The parameters
V (R¯;x) for general x were then calculated using a
cubic interpolation scheme. They are shown in Ta-
ble I below. The Hamiltonian matrix is then transformed
to a |m, b, k¯〉 basis following Kobayashiet al.12, and diag-
onalized to obtain the bandstructure as usual.
T.B. Parameters V (R¯;x) c0 c1 c2 c3
Esa ∼= 〈s, a|H |s, a〉 -10.615 4.369 −11.975 8.02
Esc ∼= 〈s, c|H |s, c〉 0.912 0.635 1.929 −1.229
Epa ∼= 〈pı, a|H |pı, a〉 0.818 −0.434 0.862 −0.583
Epc ∼= 〈pı, c|H |pı, c〉 6.678 0.833 10.175 −6.616
Uss ∼= 〈s, a|H |s, c〉 -1.493 0.094 −1.795 1.166
−Usz ∼= −〈s, a|H |pz, c〉 1.771 −1.04 1.829 −1.241
Uzs ∼= 〈pz, a|H |s, c〉 3.752 −0.829 4.554 −3.012
Uzz ∼= 〈pz, a|H |pz, c〉 3.319 −1.02 3.937 −2.62
U ∼= 〈p, a|H |p, c〉 -0.782 0.419 −0.762 0.516
TABLE I: Cubic interpolation coefficients for
tight-binding matrix elements V (x) for Wurtzite
AlxGa1−xN: V (x) = c0 + c1x+ c2x
2 + c3x
3. The matrix
elements are represented in the notation of
Kobayashi,12 with ı ∈ {x, y, z},  ∈ {x, y}, and the
argument R¯ dropped for convenience.
The bandgaps calculated using the above method for
relaxed AlxGa1−xN (Figure 1) are seen to match quite
closely with several reported experimental results. This
provides validation for our cubic interpolation methodol-
ogy.
Now, for strained AlxGa1−xN, the on-site energies may
be assumed to remain unchanged since they correspond
to the atomic energies, while the the coupling parameters
U from Table I are modified per Harrison’s d−2 rule21:
Ustrained = Uunstrained
(
d0
d
)2
(2)
d (d0) being the strained (unstrained) lattice constant.
Our calculations are meant for typical device applica-
tions where the AlxGa1−xN film thicknesses would be
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FIG. 1: Variation in the bandgap of AlGaN with Al
mole fraction is shown. Bandgaps obtained from the
tight-binding calculations were compared with
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FIG. 2: The insignificant variation of the band offsets
with a rise in GaN substrate strain is shown. The Al
mole fraction is used as a parameter.
less than 25nm, implying pseudomorphic AlxGa1−xN
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wherein the strain is given by:
εAlGaN =
d(AlGaN)− d0(AlGaN)
d0(AlGaN)
=
d(GaN)− d0(AlGaN)
d0(AlGaN)
(3)
We point out that uniform scaling of the bond
lengths and coupling parameters may be expected
to lead to an overestimation of the effect of strain.
This is because there is a compression along the
c-axis for biaxial tensile strain in the basal hexag-
onal plane. However, the former is only about a
fifth of the latter, due to a Poisson ratio of about
0.25. Further, the results of the following band
offset calculations indicate that our assumption
- of all the bond lengths scaling like the sides
of the hexogonal base - do not make a material
3difference. In this work, band offsets have been
defined as the difference between the conduction
band edges of strained AlxGa1−xN and strained
GaN. We have first estimated the bandgaps from
the bandstructure. A fraction thereof, viz. 0.631,
then gives the conduction band offset; this frac-
tion was calibrated to match the experimentally
reported 2DEG density8 using the calculation to
be described in the following section. Figure 2
shows that while the band offset varies signifi-
cantly with the Al mole fraction as expected, it
changes only slightly as a function of the strain in
the GaN layer. This is because, when the GaN is
tensile strained, the conduction band minima of
AlxGa1−xN shifts nearly as much as that of the
GaN. We note that the relative insensitivity of
the band offsets to GaN-layer strain renders our
prior overestimation harmless. In the following
section, we proceed to perform simulations based
on the obtained results in order to estimate the
2DEG density.
III. CHARGE-DENSITY SIMULATION
In order to study the impact of the GaN substrate
strain on the 2DEG density at the AlxGa1−xN/GaN
hetero-interface, we make use of the TCAD software
package SILVACO22. Our approach involves calculation
of the polarization charge in the heterostructure, fol-
lowed by self-consistent solution of the one-dimensional
Schro¨dinger and Poisson equations along the growth
direction. The total polarization charge (σ0) at the
AlxGa1−xN/GaN hetero-interface is obtained from the
expression:
σ0 = |Psp0(AlGaN)−Psp0(GaN)
+Ppe0(AlGaN)|
(4)
Here, Psp0 (Ppe0) denotes the spontaneous (piezoelec-
tric) polarization charges which is obtained from empir-
ical expressions given by Ambacher et al.1. Thereafter,
we follow a procedure due to Gordon et al.8 to obtain the
self-consistent barrier height ΦB and 2DEG density ns.
Here, the charge density transferred out of the surface
donor states is calculated as:
nsurf = n0(qΦ− Ed) (5)
where Φ is the estimated surface barrier height, and n0
is the constant surface donor density (cm−2eV−1) below
the surface donor level Ed (eV). Iteratively with this, the
SILVACO Schro¨dinger-Poisson solver is used to calculate
the 2DEG density n2DEG for a given Φ. The latter is
varied until the condition n2DEG = nsurf is satisfied. At
this point, Φ = ΦB and n2DEG = ns. Note that we have
considered a uniform distribution of the surface donor
states8,9. Our results are observed to match well with
the experimental data as given in Gordon et al.8.
In the next step, we introduce strain in the GaN layer.
This will introduce an additional piezoelectric polariza-
tion charge Ppe(GaN) in the GaN layer itself. Further, it
necessitates a recalculatation of the piezoelectric po-
larization charge term in AlGaN layer. The total
polarization charge is thus modified as:
σ = |Psp0(AlGaN)−Psp0(GaN) +Ppe(AlGaN)
−Ppe(GaN)|
(6)
Where
Ppe(AlGaN) = 2
(
a′ − a(AlGaN)
a(AlGaN)
)
·
(
e31(AlGaN)− e33(AlGaN)
C13(AlGaN)
C33(AlGaN)
) (7)
Ppe(GaN) = 2
(
a′ − a(GaN)
a(GaN)
)
·
(
e31(GaN)− e33(GaN)
C13(GaN)
C33(GaN)
) (8)
Here, a denotes the bulk lattice constant, C13
(C33) is the elastic constant, and e31 (e33) is the
piezoelectric constant. The strained GaN lattice
parameter a′ is: a′ = a(GaN) + s · a(GaN) with s as
the process-induced strain in the GaN layer. In-
deed, the strain in the underlying GaN layer would not in-
fluence AlGaN surface state parameters. The basic band-
structure parameters for the strained GaN (namely elec-
tron affinity and bandgap) and its band offsets with the
pseudomorphic AlxGa1−xN were taken from the band-
structure calculation described earlier and provided as
inputs to the simulator through its C-Interpreter inter-
face. Thereby, we can obtain the 2DEG density for dif-
ferent Aluminum mole fraction and GaN layer strain.
Figure 3 shows the simulated 2DEG density as a func-
tion of strain in the GaN substrate. The Al mole fraction
x is used as a parameter, and the AlGaN barrier thickness
is set to 10nm. We find that the 2DEG density increases
modestly with the strain in the GaN layer for a given
x. By following Equation 6 to Equation 8, we hy-
pothesize that the strain in the GaN layer modulates the
strain in the AlGaN layer, and thence the piezoelectric
polarization therein. Figure 3 also shows the variation
of polarization charge σ with strain. We find that the
increase in σ in the AlGaN/GaN hetero-interface more
or less tracks that of the 2DEG density, and thereby, ex-
plains its origin.
The percentage increase in the 2DEG density due to
strain in GaN layer as a function of x is shown in Fig-
ure 4. We have chosen three values of s to show
the impact of GaN layer strain on the 2DEG den-
sity. This impact is seen to decrease sharply with in-
creasing x. This happens because when x increases, σ
increases significantly: both the terms Psp0(AlGaN) and
Ppe(AlGaN) are enhanced (c.f. Equation 6). There-
fore, the impact of the incremental polarization charge
due to strain in the GaN layer on σ will be marginalized.
Our calculations predict maximal increase in the 2DEG
at small x, as much as 25% increase in the 2DEG density
for x=0.1.
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FIG. 3: The increment of 2DEG density and the polarization charge σ (as given in Equation 6) at the
AlGaN/GaN hetero-interface with the strain in the GaN substrate is predicted. The Al mole fraction is used as a
parameter, AlGaN thickness is 10nm.
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FIG. 4: The percentage increase of the 2DEG
density and σ compared to the unstrained value
is shown. The strain in the GaN layer (s) is used
as a parameter (c.f. Figure 3).
IV. CONCLUSION
The properties of AlxGa1−xN/GaN heterostructures
have been computed for the case where the underlying
GaN is tensile strained. Bandgaps and band offsets are
calculated using the empirical sp3 tight-binding method,
the polarization charge is calculated, and then a self-
consistent Schro¨dinger-Poisson solver yields the 2DEG
concentration at the hetero-interface. The strain in the
GaN induces incremental strain in the AlGaN layer; this
in turn leads to increased piezoelectric polarization. It is
found that the band offsets have weak dependence on the
GaN layer strain, because the latter induces roughly the
same amounts of shift in the GaN and AlGaN conduction
band edges. On the other hand, substantial enhancement
in the 2DEG density is possible when the GaN layer is
strained - this is due to the consequent increase in po-
larization. For larger Al mole fraction, the polarization
is large anyway and the relative boost due to the GaN
layer strain becomes smaller; therefore, the enhancement
falls steeply with increasing Al mole fraction. Our work
suggests that strain in the GaN layer - which might be
unintentional today - could be used to achieve higher
2DEG density in the future if it can be engineered con-
trollably. Lastly, it provides a framework to extend this
effect to other III-N heterstructures.
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